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SURFACE RECESSION CHARACTERISTICS OF A CRYOGENIC INSULATION 
SUBJECTED TO ARC-TUNNEL HEATING 


Claud M. Pittman and Ronald D. Brown 
Langley Research Center 

SUMMARY 

Specimens of a cryogenic insulation, proposed for use on the space shuttle external 
tank, were tested in an arc tunnel over a range of heating rates, pressures, and enthalpies 
corresponding to the shuttle ascent environment. A regression analysis was used to cor- 
relate the test data. Correlation equations involving surface recession rate as a function 
of heating rate, pressure, and enthalpy were developed. These equations can be used to 
make total surface recession predictions for shuttle ascent flight environments. 

INTRODUCTION 

Polyurethane foam has been used as cryogenic insulation on the liquid hydrogen tanks 
of launch vehicles. A polyurethane foam which was used on the Saturn S-II (ref. 1) is being 
considered for application on the space shuttle external tank. This application introduces . 
a new aspect in the use of the cryogenic insulation because the material is applied to the 
exterior of the tank and is, therefore, subjected to aerodynamic heating. 

The present tank design requires a layer of cryogenic insulation over both the liquid 
hydrogen and liquid oxygen portions of the external tank to reduce the probability of ice and 
frost formation which increases vehicle weight. Therefore, the foam will be subjected to 
both mild and severe ascent heating conditions. Because both weight and cost can be saved 
if the cryogenic insulation can accommodate a significant part of the thermal protection 
requirements, the ablation characteristics of the foam must be determined so that the foam 
can be a part of the heat shield design. Furthermore, since the foam is an excellent insu- 
lator, the surface recession characteristics of the material are the most significant design 
variable. 

In this paper, surface recession data from a series of arc-tunnel tests of cryo- 
genic insulation specimens are presented. In these tests, the heating rate was varied 
from 7.95 to 238 kW/m^ (0.7 to 21 Btu/ft^-sec), the pressure from 0.0011 to 0.8 atm 
(1 atm = 101,3 kPa), and the enthalpy from 1.32 to 9.65 MJ/kg (570 to 4160 Btu/lb). An 
equation v4iich correlates the surface recession data was developed. 


SYMBOLS 


Values are given in both SI and U.S. Customary Units. The measurements and cal- 
culations were made in U.S. Customary Units. 

a,b,c exponential factors (eq. (4)) 

C constant (eq. (4)) 

H total enthalpy, J/kg (Btu/lb) 

cold-wall enthalpy at 294 K (70^ F), J/kg (Btu/lb) 

I length, cm (in.) 

p local pressure at the surface, atm 

p^ stagnation pressure, atm 

q cold-wall heating rate, W/m^ (Btu/ft^-sec) 

R recession rate, cm/sec (in/sec) 

r^ nose radius, cm (in.) 

t thickness, cm (in.) 

Ax recession, cm (in.) 

Subscripts: 

calc calculated 

exp experimental 

SPACE SHUTTLE EXTERNAL TANK 
Configuration 

The space shuttle external tank configuration is shown in figure 1. The liquid oxy- 
gen (l 02 ^ tank is located in the forward section and the liquid hydrogen /^LH 2 ^ tank is in 
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the aft section. The maximum heating rate point on the liquid oxygen tank is indicated. 
The present thermal protection system design for the external tank requires a layer of 
cryogenic insulation over the entire tank to reduce the probability of ice and frost forma- 
tion during ground hold. 


Flight Environment 

A typical flight environment at the maximum heating rate point on the liquid oxygen 
portion of the external tank is shown in figure 2. The first 200 seconds of the trajectory 
produce a very severe ascent environment. The heating rate and surface pressure are 
high and the enthalpy is low. During the last 400 seconds of the ascent trajectory (sepa- 
ration occurs soon after 600 seconds), the environment is much milder. The heating rate 
and surface pressure are low and the enthalpy is high. 

On the liquid hydrogen portion of the tank, the flight environment is much less severe 
except for special areas where interference effects, due to the orbiter, produce an environ- 
ment similar to that shown in figure 2, 

ARC-TUNNEL TESTS 
Material 

The polyurethane foam used in these tests is specifically formulated for spray appli- 
cation. After application, the material has a density of about 32 kg/m^ (2 Ib/ft^). Some 
of the test material had a vinyl coating which was applied to reduce handling damage. 

Test Specimens 

The specimens used in the tests were 12.7 cm (5 in.) square and 2.54 cm (1 in.) 
thick. The specimens were mounted on the side of a water-cooled wedge test fixture as 
shown in figure 3. The first 15 specimens had a 30-gage chromel-alumel thermocouple 
inserted in the center of the back surface of the specimen to a location 0,63 cm (0.25 in.) 
from the front surface. Eight of the first 15 specimens had a protective vinyl coating on 
the front surface. None of the other specimens were coated. 

Test Environments 

The arc tunnel used for these tests is described in reference 2. The test specimens 
were exposed to the environments listed in tables I and II. The test stream was air. Cold- 
wall heating rates, heating rate distributions, and surface pressures were determined by 
using calibration models of the same size and shape as the specimens. Thin-skin calorim- 
eters were used for the heating rate measurements. Specimens 1 to 52 were tested in 
supersonic flow. Specimens 53, 54, and 55 were tested in subsonic flow. 
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Except for the subsonic tests (specimens 53, 54, and 55), the test stream enthalpies 
were determined by using an established facility procedure. Probes were used to deter- 
mine the stagnation heating rate and stagnation pressure in the center of the stream. A 
correlation equation was then used to calculate the enthalpy. Enthalpies determined by 
this method agree well with enthalpies calculated by energy balance methods. 


The correlation equation used with the measured heating rate and pressure is 



0.113 


kg 

m^‘^-sec-atm®-^ 


0.042 


-15 

ft^‘^-sec-atm®’^/ 


( 1 ) 


where r^^ is the hemispherical radius of the heating rate probe (1.9 cm (0.75 in.)), 
is the enthalpy at room temperature (294 K (70° F)), and Pj. is the stagnation pressure in 
the stream. The high enthalpy — low pressure tests (the first 15 specimens, see table I) 
were conducted with the specimen at a 2*^ angle of attack. This angle of attack was selected 
to obtain the desired heating environment. In these tests, the environmental parameters 
correlated with the following equation: 


= 0.059 ^ /0.022 — \ 

- H^j\/p m^*^-sec-atm®’^ ft^'^-sec-atm®*y 

where q is the measured heating rate at the center of the thin-skin calorimeter, I 
the distance from the leading edge of the wedge to the center of the specimen (15 cm 
(6 in.)), H is the calculated enthalpy, and p is the static pressure at the center of 
model. 


( 2 ) 

is 

the 


In the low enthalpy — high pressure tests (table II), the specimens were at a 32° 
angle of attack. In these tests the environmental parameter correlation equation is 


qVT 


(h - H^)v^ 


= 0.103 


kg 

m^'^-sec-atm®’^ 


0.038 


ft^’^-sec-atm®’^/ 


( 3 ) 


Although the flight environment heating rates could be simulated in the supersonic 
flow tests, the test pressures were generally too low and the test enthalpy too high to pro- 
vide an accurate simulation of the first part of the ascent environment. To obtain a good 
supersonic flow simulation of all three parameters would have required higher mass flow 
in the tunnel. A higher mass flow at the required power settings "blows out" the arc and 
the facility will not operate. 


A typical heating rate distribution for the high enthalpy (2° angle of attack) tests is 
shown schematically in figure 4. The locations of the thermocouples, which were attached 
to the underside of the skin, are shown. No thermocouple was attached at the center point 
of the calorimeter. The heating rate at the center point was taken as the average of the 
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two adjacent heating rates. All heating rate values were normalized to the center point. 

All heating rate values given in the tables are for the center location. 

A typical heating rate distribution for the supersonic tests with low enthalpy and a 
32° angle of attack is shown in figure 5. The locations of the thermocouples are given. 

The pressure port locations on the pressure calibration model are shown in figure 6 
and typical pressure distributions, normalized to the center point, are given for both the 
high and low enthalpy tests. The pressure values, given in the tables, are for the center 
location. 

As was mentioned previously, surface pressures high enough to simulate flight pres- 
sures during the initial part of the trajectory could not be obtained with supersonic flow. 

As will be shown later, some high pressure data were required. Therefore, specimens 53, 
54, and 55 were tested in subsonic flow. In these tests, the heating rates and pressures 
did not vary significantly over the surface of the specimens. The enthalpy for these tests 
was obtained by using an arc-heater energy balance. 

Test Procedure 

Tunnel operating conditions were established, and the test environment was allowed 
to stabilize. Heating rate and pressure measurements were made. The specimen was 
inserted into the stream and exposed to the test environment, either until the temperature 
at the thermocouple location increased 167 K (300° F) (high enthalpy tests) or for a pre- 
determined time (low enthalpy tests). The specimen was removed from the stream and 
posttest heating rate and pressure measurements were made. Pretest and posttest meas- 
urements were essentially the same. 

By terminating the high enthalpy tests when the temperature rise at the thermocouple 
location was 167 K (300° F), surface recession at the center point was limited to about 
0.7 cm (0.27 in.). The data from reference 2 indicate that the test specimen surface envi- 
ronment at the center point probably did not change significantly with this thickness change. 

In the low enthalpy tests, a more complete investigation was made for each of the 
three major test conditions. (See table II.) At each test condition, duplicate tests and 
tests at progressively longer test times were made, to determine if matefial variations and 
specimen shape change significantly affected surface recession rates. The time each spec- 
imen was exposed to the stream was controlled by an automatic timer. 

RESULTS AND DISCUSSION 

The test results are given in the tables. The time each specimen was exposed to the 
stream, the recession at the center point of each specimen, and the recession rate at the 
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center point of each specimen are given. Figure 7 shows the final shape of a typical 
model after testing. The specimen shown in the figure had a total recession of about 
0.5 cm (0.2 in.) at the center point. No significant changes in specimen profile across 
the model were evident. 


High Enthalpy Tests 

The data for the high enthalpy tests (table I) show that, at low pressure, surface 
recession of the cryogenic insulation starts at a heating rate of about 10 to 11 kW/m^ 
(0.88 to 1.0 Btu/ft^-sec). This heating rate level corresponds to a surface radiation 
equilibrium temperature of about 700 K (800® F) (assuming an emittance of 0.8). The 
surfaces of the first three specimens were darker after heating, indicating that some 
pyrolysis had occurred. Some intumescence was also evident in these specimens. 

Specimens 4 to 12 had progressively darker surfaces and progressively thinner 
degraded surface layers (about 0.5 cm (0.2 in.) on specimen 4, about 0.05 cm (0.02 in.) 
on specimen 12). The degraded layer was not a typical rigid, carbonaceous char, but 
was ductile and resilient. None of the remaining specimens showed any evidence of a 
char layer. The maximum surface temperature of these specimens was probably less 
than that of the specimens just discussed. 

Recession rate data for specimens 4 to 15 are plotted as a function of heating rate 
in figure 8. The data show that the coating on the eight coated specimens had no signif- 
icant effect on the recession rate. 


Low Enthalpy Tests 

Three primary test conditions were used for the low enthalpy, high pressure tests. 

At each test condition, duplicate specimens were tested for progressively longer test 
times. Except for the very short time tests, which showed a transient period when the 
recession rate increased, the recession rate showed very little, if any, time dependence. 
(Note the test results for specimens 18 to 27, 30 to 41, and 44 to 51 given in table II.) 

Thus, there was no evidence that the surface heating environment changed significantly as 
the specimen shape changed. 

Visual observations of both the specimens and the tests indicate that differences 
between recession rates of duplicate specimens were more likely due to variations in the 
material rather than in the test conditions. Density variations between specimens were as 
much as 10 percent and thin, high density skins at various depths, formed between spray 
passes during specimen fabrication, affected recession rates of some specimens. None of 
the specimens showed any evidence of a char layer. 

One specimen (number 52) was tested under very severe heating rate and pressure 
conditions. The test time for this specimen was short and the recession was large. 
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Although it may have been fortuitous, this datum point correlated well with the other low 
enthalpy test results. 

The low enthalpy specimen recession rates are plotted against heating rate in fig- 
ure 9. The curve was drawn through the center of clustered data points. Most of the 
points at some distance from the line were data from short time tests in which transient 
effects produced low recession rates. The data from the subsonic tests are also shown 
in the figure. These data will be discussed later. 

Data Correlation 

The curves from the overlapping heating rate range of figures 8 and 9 are shown in 
figure 10, Note that the recession rates from the low enthalpy tests are always larger than 
the recession rates from the high enthalpy tests; but in the low enthalpy tests, the reces- 
sion rate increases less rapidly- with heating rate. 

A regression analysis was used to correlate the supersonic flow data from both sets 
of tests. An equation of the form - 

R = (4) 


was assumed. Equation (4) was linearized using logarithms. Enthalpy was included as an 
independent variable even though enthalpy was calculated from the stagnation heating rate 
and pressure. The rationale for including enthalpy is that the environmental parameter ■ 
equations (eqs. (2) and (3)) are different for the two angles of attack used and that enthalpy 
is a prime descriptor of the flight environment. 

Forty-five data points were included in the regression analysis. The first three 
data points were excluded because no recession occurred in these tests. Data from spec- 
imens 16, 17, 28, and 29 were excluded because transient effects were, in general, sig- 
nificant in these short time tests. 

The equation resulting from the regression analysis was 


In cm/sec: 


R= 0.96q®-315pl.336jjl.2 


In in/ sec: 




R = 6.02 X io“^qO-315pl.336Hl.2 j 


(5) 
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Figure 11 shows recession rates ca:lculated with this equation plotted against the experi- 
mental recession rate data. The equation gives a good correlation of all the supersonic 
flow data. However, the exponents obtained in equations (5) were unexpected. From fig- 
ures 8 and 9, a much stronger heating rate dependence was expected and none of the data 
indicated the strong pressure dependence shown in the equations. Furthermore, both the 
data and ablation theory (ref. 3) show that the recession rate should be inversely propor- 
tional to the enthalpy. 

Equations (5) were used to calculate total recession for the ascent trajectory given 
in figure 2. Ten-second time steps were used for the integration. The flight heating rate 
was corrected for the difference in cold-wall conditions between flight and ground test. 
The expression used was 

('* ■ '*294 k) (" ■ **70“ f) 

'I = "flight ^ = W (H - H„o f) 

The recession, calculated with equations (5), is shown as a function of ascent trajectory 
time in figure 12. Total recession was very large, 51.5 cm (20 in.). Nearly 90 percent 
of the total recession occurred during the first 110 seconds when the local pressure in 
flight was much higher than the ground test pressures and the flight enthalpy was lower. 
The high pressure caused the very high calculated recession during the first 110 seconds 
of the trajectory. Equations (5) had evidently been extrapolated to pressure levels at 
which the equations were not valid. 

Because of the unrealistic results obtained through the use of equations (5), speci- 
mens 53, 54, and 55 were tested in the subsonic flow test conditions given in table II. 

When these three data points were included in the regression analysis, the following 
equations (with 48 data points) were obtained: 


In cm/sec: 


R = 6.04 X io“^ql-88p0.16jj-0.442 


In in/ sec: 


R= 0.334q^-®^p®-^%"°-^'^2 




( 6 ) 


The data correlation obtained with equations (6) is shown in figure 13. The correlation 
is good; however, the errors at all recession rates are of the same order of magnitude. 
Since most of the total recession occurs at the higher recession rates, reducing the error 
at high recession rates at the expense of increasing the error at low recession rates was 
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desirable. This was done by weighting each data point by a number equal to the recession 
rate squared. The resulting equations were 


In cm/sec: 


R= 7.45 X I0'‘^ql-306p0. 123^-0. 3877 


In in/sec: 




(7) 


The data correlation obtained with equations (7) is shown in figure 14. 

An examination of figure 14 shows that a better correlation could be obtained by sub- 
tracting a constant in equations (7). The resulting equation (with the constant chosen 
somewhat arbitrarily) was 


In cm/sec: 




R = 7.45 X io-\l-306p0.123fi-0.3877 _ q 


005 


In in/sec: 


( 8 ) 


R = 0.0735q^-3®®p°-123jj-0.3877 _ q. 00197 


The data correlation obtained with equations (8) is shown in figure 15. 

The trajectory shown in figure 2 was used in equations (6), (7), and (8) to calculate 
recession as a function of time. The results are shown in figure 16. Total recession 
was only 25 percent of the recession given by equations (5). Recession calculated by equa- 
tions (7) was about 10 percent more than that calculated by equations (6) and (8). The dif- 
ference in recession occurred when the recession rate became less than about 0.07 cm/sec 
(0.028 in/sec). From the correlation of equations (6) (fig. 13), calculated recession rates 
were, in general, less than or equal to experimental rates at the lower values. In the cor- 
relation of equations (7) (fig. 14), the reverse is true. This difference caused the increase 
in total recession given by equations (7). 

Equations (6) and (8) gave nearly identical recession rates throughout the trajectory. 
When usirg equations (8), the recession rate was assumed to be zero when the rate became 
negative. 
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CONCLUDING REMARKS 


Specimens of a cryogenic insulation, proposed for use on the space shuttle external 
tank, were tested in an arc tunnel over a range of heating rates, pressures, and enthalpies. 
The heating rate range corresponded very well with the heating rates expected in flight. 
However, the test pressures were too low and the test enthalpies too high to simulate the 
initial ascent heat pulse. The pressure and enthalpy mismatch was reversed for the last 
part of the flight environment, but material recession rates are relatively small in this 
latter environment. 

A regression analysis was used to obtain a data correlation equation which gave sur- 
face recession as a function of heating rate, pressure, and enthalpy. This correlation 
equation had a theoretically unexpected enthalpy dependence and a strong pressure depen- 
dence that was not apparent from a close examination of the test results. When this equa- 
tion was used with the flight trajectory, a very large total recession was obtained. The 
correlation equation had evidently been extrapolated to conditions where it was no longer 
valid. Therefore, additional data were obtained in a high pressure, arc -tunnel environ- 
ment and satisfactory correlation equations were obtained. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, Va. 23665 
September 25, 1975 
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TABLE L- HIGH ENTHALPY TEST CONDITIONS AND RESULTS 
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Coated specimens, . 






























Flow 




Figure 4.- Typical heatii^ rate distribution (normalized to center point) 
for high enthalpy tests. Drawn to scale. 



Flow 



Figure 5.- Typical heating rate distribution (normalized to center point) 
for low enthalpy tests. Drawn to scale. 
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q, kW/m*' 

Figure 9.- Recession rate as a function of heating rate. Low enthalpy tests. 
















Time, sec 

Figure 16.- Recession as a function of time for ascent trajectory. Correlations 

include subsonic, high pressure data. 
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